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Introduction Physics Motivation

Heavy Flavors in d+Au 2

presented here by using the state of the art EPS09 nPDF
parameter set, with uncertainties represented by 31 dif-
ferent Hessian basis parameterizations as detailed in [6].
Because J/ψ production at high energies is dominated by
interactions between gluons, we will consider only g + g
interactions in the calculations presented in this paper.
Figure 1 shows the EPS09 gluon modification RG at Q2 =
9 GeV2, the appropriate scale for production of the J/ψ.
It can be seen that the nPDFs are not well constrained
by experimental data, particularly the low-x gluon distri-
butions which dominate the J/ψ production probability
at forward rapidity at RHIC energies.

The second main effect is that, after the cc pair is cre-
ated in the initial state (this is frequently referred to as
the J/ψ precursor, since the hadronic state is expected to
take of order 0.3 fm/c to form), the pair may break up or
be de-correlated while traversing the remaining portion
of the nucleus. This second effect is often included by as-
suming a constant cross section σbr for the breakup of the
pair. We note that this effect is also sometimes termed
absorption, though this nomenclature can be misleading
since the charm pair still exists, but is no longer able
to form a final-state J/ψ meson. Currently there is no
fundamental description of the hadronization process for
the J/ψ that agrees with all the available experimental
data [7, 8]. The lack of such a theory for the dynamics of
hadronization means one has no ab initio calculation of
this precursor-nucleon cross section and its dependence
on the relative velocity between the pair and the target
nucleons. In most works, the value of σbr is assumed to
be independent of the J/ψ rapidity for a given

√
s

NN
,

and is determined from fits to the experimental data [9].

A. Nuclear Geometry

In order to account for the geometric dependence of
the two above mentioned effects, we employ a Monte
Carlo Glauber model [10]. The nucleons are randomly
given spatial distributions within the deuteron based on
the Hulthen wave function, and within the gold nucleus
based on a Woods-Saxon distribution with parameters
R=6.38 fm and a=0.54 fm [3]. Individual d+Au colli-
sions at

√
s

NN
= 200 GeV are simulated by randomly

selecting an event impact parameter (b) and determin-
ing if any pair of nucleons collide using an inelastic cross
section of σ = 42 mb. One example event is shown in
Figure 2, where the open circles are the positions of the
gold-nucleus nucleons in the transverse plane, the darker
(red) filled circles are the positions of the two nucleons
from the deuteron, and the lighter (green) filled circles
are the gold nucleus nucleons which suffered a binary col-
lision. Each binary collision between a deuteron nucleon
and a gold nucleon has a certain probability to produce a
cc pair. This probability is modified from proton-proton
collisions according to the aforementioned nPDFs.

The EPS09 nPDF parametrization, as well as other
nPDF parameterizations, are predominantly determined
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FIG. 1. (Color online) The gluon nuclear modification RG

for the Au nucleus at the scale Q2 = 9 GeV2 is shown for
the EPS09 central value (labeled set 1) and for all 30 error
sets. The shaded (yellow) area is the overall uncertainty band
calculated from the error sets, representing a 90% CL uncer-
tainty.

from deep inelastic scattering experiments and minimum
bias p + A reactions producing Drell-Yan pairs [6]. In
such experiments there is no measure of the impact pa-
rameter or transverse distance within the nucleus for the
interaction and therefore the geometric dependence of the
nPDF modification is not constrained.

The partons inside the nucleons at low-x have wave
functions that are longer in the longitudinal direction
than the size of the Lorentz contracted nucleus. Thus
the nPDF modification depends on the density of over-
lapping nucleons as shown in the transverse plane in Fig-
ure 2. However, there is no such Lorentz contraction in
the transverse direction, and the parton wavefunction ex-
tent in this plane is of order 1 fm. Therefore, the largest
nuclear effect would be expected where the density, and
thus the longitudinal overlap, is largest, near the cen-
ter of the nucleus, and should decrease as one moves out
toward the periphery.

In Ref. [11], the nPDF modification is postulated to be
linearly proportional to the density-weighted longitudinal
thickness of the nucleus at the transverse position of the
binary collision,

M(rT) = 1.0 − aΛ(rT), (1)

where Λ(rT) = 1
ρ0

∫
dzρ(z, rT) is the density-weighted

longitudinal thickness and ρ0 is the density at the center
of the nucleus. In Figure 2, each gold nucleon is a trans-
verse distance rT from the center of the gold nucleus,

Nagle, Frawley, Linden-Levy, and Wysocki

Phys. Rev. C84 044911 (2011)

I Charm and Bottom access
I gluon nPDF – shadowing and/or

saturation
I interactions with the cold nuclear

medium – Cronin and energy loss

I Quarkonia additionally access
I Nuclear breakup
I Recombination

N. Grau (Augustana) Heavy Quarks in d+Au 4/8/14 3 / 27



Introduction Measurement Overview

2008 RHIC d+Au Run
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Introduction Measurement Overview

PHENIX Heavy Flavor Measurements

I c , b → ` in North, South,
central arms

I J/ψ → `+`− in North, South
central arms

I ψ′ → e+e−, χc → e+e−γ,
central arms

I cc̄ , bb̄ → e+e− central arms

I cc̄ → e±µ∓ in central-muon
arms
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Experimental Results Single Particles

Heavy Flavor e at Midrapidity
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Phys. Rev. Lett. 109, 242301 (2012)

RdA =
d + Au yield

〈Ncoll〉 × p + p yield

I Peripheral – consistent with
binary scaling.

I Central – enhancement.

I Multiple scattering in heavy
flavors more than light?
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Experimental Results Single Particles

Further Evidence of Hydrodynamics in d+Au?

A.M. Sickles / Physics Letters B 731 (2014) 51–56 55

Fig. 4. The heavy flavor decay electron RdA for 0–20% central d + Au collisions from
Ref. [37] (solid points) and from the blast-wave calculations presented in this work
(curve). The dashed lines show the changes in the blast-wave expectations from the
uncertainties on the blast-wave parameters discussed above.

Fig. 5. Predictions for p+Pb collisions at 5.02 TeV. Blast-wave fit results from the 5%
highest multiplicity p + Pb collisions [15] and FONLL [42,43] heavy meson spectra
have been used to generate these results.

4. Conclusions

Given the large uncertainties on the available heavy flavor data
in d + Au collisions at RHIC and the large uncertainties on the
blast-wave calculation here, it is important to consider how a ra-
dial flow interpretation of heavy flavor data in very small colli-
sion systems would be verified or ruled out. The clearest evidence
will come from charm and bottom separated results being made
possible by recently installed vertex detectors at both STAR and
PHENIX. Reconstructed D mesons from STAR and charm and bot-
tom separated electron measurements from PHENIX will show the
meson mass dependence of the heavy flavor enhancement seen
by PHENIX [37]. Additionally, it is of interest to study multiplicity
selected p + p collisions at

√
s = 200 GeV in order to investigate

how the blast-wave parameters evolve with both collision system

and event activity and how that informs the interpretation of the
d + Au data discussed here in terms of radial flow.

Recently, there has been much interest in the possibility of hy-
drodynamic flow in very small collisions systems. Here we have
raised the possibility that the enhancement of heavy flavor de-
cay electrons previously observed [37] could be caused by radial
flow using a blast-wave parameterization constrained by the light
hadron data. We find qualitative agreement between the data and
the prediction of this model, suggesting hydrodynamics as one
possible explanation of the enhancement of electrons from heavy
flavor decay observed in d + Au collisions. Further measurements
have the potential to constrain any possible role of hydrodynamics
in very small collision systems. D meson spectra at RHIC are espe-
cially interesting as the modifications should be significantly larger
than is seen at the LHC.
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I Blast wave constrained to light
flavors pT spectrum.

I Substantial enhancement to
electrons.
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Experimental Results Single Particles

Heavy-Flavor µ RdAu

arXiv:1310.1005

 (GeV/c)
T

p
0 1 2 3 4 5 6 7

dA
R

0

0.5

1

1.5

2

2.5

3

60-88% centrality

, -2.0 < y < -1.4-µHF 
,  1.4 < y < 2.0-µHF 

µAPYTHIA + EPS09s LO, D
µAPYTHIA + EPS09s LO, D

I PYTHIA D → µ weighted with EPS09 b-dependent nPDFs

I Additional effects beyond anti-shadowing are necessary to explain
backward (Au-going) rapidity

N. Grau (Augustana) Heavy Quarks in d+Au 4/8/14 8 / 27



Experimental Results Single Particles

Heavy-Flavor RdAu vs. Centrality
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arXiv:1310.1005

I Comparison µ and e RdAu

I Top 1 < pT < 3 GeV/c ,
Bottom 3 < pT < 5 GeV/c

I Au-going rapidity µ enhanced
like e

I b-dependence of data is stronger
than EPS09s.
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Experimental Results Quarkonia
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Phys. Rev. C 87, 034904 (2013)

I J/ψ pT distribution broadens.

I More broadening observed at
backward (Au-going) rapidities.
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Experimental Results Quarkonia

J/ψ RdAu
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I Centrality-integrated RdAu for
different y ranges.

I Green – d-going, Blue –
midrapidity, and Red – Au-going
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Experimental Results Quarkonia

J/ψ RdAu

I Full pT , y and centrality dependence
TRANSVERSE-MOMENTUM DEPENDENCE OF THE J/ψ . . . PHYSICAL REVIEW C 87, 034904 (2013)
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FIG. 12. (Color online) J/ψ → e+e− RdAu, as a function of pT

for (a) central, (b) midcentral, (c) midperipheral, and (d) peripheral
events in the interval |y| < 0.35. Curves are calculations by Ferreiro
et al. [29] discussed in the text.

of the available data. For J/ψ production in d + Au collisions
the relevant distributions are those providing the modification
of the gluon distribution within a Au nucleus, as J/ψ’s are
produced primarily through gluon fusion at

√
s

NN
= 200 GeV.

The nPDF’s provide modifications as a function of parton
momentum fraction (x) and energy transfer (Q2). Knowledge
of the J/ψ production kinematics is then needed to produce
a modification to J/ψ production in d + Au collisions. For
J/ψ production at backward rapidity and 0 < pT < 8 GeV/c,
a range of 0.051 < x < 0.39 in the Au nucleus is probed,
assuming simple 2 → 1 kinematics. While 2 → 1 kinematics
are inadequate to describe the production of a J/ψ with
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FIG. 13. (Color online) J/ψ → µ+µ− RdAu, as a function of pT

for (a) central, (b) midcentral, (c) midperipheral, and (d) peripheral
events in the interval 1.2 < y < 2.2. Curves are calculations by
Ferreiro et al. [29] discussed in the text.

nonzero pT , they are used here to provide a simple estimation
of the x and Q2 ranges covered. With the same assumption,
midrapidity covers 0.0094 < x < 0.071 and forward rapidity
covers 0.0017 < x < 0.013. A range of 10 < Q2[GeV2/c2] <
74 is probed at each rapidity under the same assumptions. The
data thus provide a strong constraint to shadowing models over
a wide range of x and Q2.

Nuclear breakup is the dissociation of cc̄ pairs that would
have formed J/ψ’s through collisions with nucleons. Little
theoretical guidance currently exists for this, owing to the
many complications and competing effects involved in J/ψ
production in p(d) + A collisions. Often this effect is modeled
by a simple “effective” cross section, which remains constant

034904-13
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of the available data. For J/ψ production in d + Au collisions
the relevant distributions are those providing the modification
of the gluon distribution within a Au nucleus, as J/ψ’s are
produced primarily through gluon fusion at
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The nPDF’s provide modifications as a function of parton
momentum fraction (x) and energy transfer (Q2). Knowledge
of the J/ψ production kinematics is then needed to produce
a modification to J/ψ production in d + Au collisions. For
J/ψ production at backward rapidity and 0 < pT < 8 GeV/c,
a range of 0.051 < x < 0.39 in the Au nucleus is probed,
assuming simple 2 → 1 kinematics. While 2 → 1 kinematics
are inadequate to describe the production of a J/ψ with
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nonzero pT , they are used here to provide a simple estimation
of the x and Q2 ranges covered. With the same assumption,
midrapidity covers 0.0094 < x < 0.071 and forward rapidity
covers 0.0017 < x < 0.013. A range of 10 < Q2[GeV2/c2] <
74 is probed at each rapidity under the same assumptions. The
data thus provide a strong constraint to shadowing models over
a wide range of x and Q2.

Nuclear breakup is the dissociation of cc̄ pairs that would
have formed J/ψ’s through collisions with nucleons. Little
theoretical guidance currently exists for this, owing to the
many complications and competing effects involved in J/ψ
production in p(d) + A collisions. Often this effect is modeled
by a simple “effective” cross section, which remains constant
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FIG. 10. (Color online) J/ψ RdAu, as a function of pT for
0–100% centrality-integrated d + Au collisions in all three rapidity
intervals. The Type C systematic uncertainty for each distribution is
given as a percentage in the legend.

data. Because the Type B uncertainties are roughly consistent
in the fit range, we have chosen here to add the average
Type B uncertainty for pT > 4 GeV/c in quadrature with the
Type C uncertainty. We find that at mid- and forward rapidity
the average RdAu for pT > 4 GeV/c is consistent with 1.0,
while at backward rapidity the average RdAu is greater than 1.0.

The production of a J/ψ at forward rapidity in A + A
collisions involves a low-x gluon colliding with a high-x gluon.
The symmetry owing to identical colliding nuclei results,
essentially, in the folding of the forward and backward rapidity
RdAu. The production of a J/ψ at midrapidity results, essen-
tially, in the folding of the midrapidity RdAu with itself. This
picture is simplistic and leaves out many details, but it gives
some expectation for the result of the modification of J/ψ
production in A + A collisions owing to CNM effects. If we
extrapolate the observed behavior of RdAu to the modification
of J/ψ’s produced at forward rapidity in A + A collisions,
we would expect a RAA contribution from CNM effects to be
similar to, or greater than, 1.0 at high pT and a modification
similar to 1.0 at midrapidity. The observation at midrapidity of
a J/ψ RAA in Cu + Cu collisions that exceeds, but is consistent
with, 1.0 at high pT [28] may therefore be largely accounted
for by the contribution from CNM effects. Further work is
needed to understand the detailed propagation of measured
results in d + Au collisions to an expected CNM contribution
in A + A collisions before this can be fully understood.

Figures 11–13 show RdAu vs pT in four centrality bins
for backward rapidity, midrapidity, and forward rapidity, re-
spectively. The numerical values are tabulated in Appendix B.
For peripheral collisions the RdAu remains consistent with 1.0
within statistical and systematic uncertainties across all pT in
all rapidity regions.

A. Comparison with model predictions

As mentioned previously, various models have been
suggested to describe the CNM effects on J/ψ production.

dA
u

R

0.5

1

1.5

2
=200 GeVNNs in d+Au at  ψJ/

-2.2 < y < -1.2

 = 4.2 mbabsσEKS98
 = 4.2 mbabsσnDSg

Global Scale Uncertainty 9.0%

Centrality 0-20% (a)

dA
u

R

0.5

1

1.5

2

Global Scale Uncertainty 8.5%

Centrality 20-40% (b)

dA
u

R

0.5

1

1.5

2

Global Scale Uncertainty 9.1%

Centrality 40-60% (c)

 (GeV/c)
T

p
0 1 2 3 4 5 6 7 8 9

dA
u

R
0.5

1

1.5

2

Global Scale Uncertainty 10.6%
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FIG. 11. (Color online) J/ψ → µ+µ− RdAu, as a function of pT

for (a) central, (b) midcentral, (c) midperipheral, and (d) peripheral
events in the interval −2.2 < y < −1.2. The 60–88% RdAu point at
pT = 5.75 GeV/c has been left off the plot, because it is above the
plotted range and has very large uncertainties; however, it is included
in the last Table of Appendix B. Curves are calculations by Ferreiro
et al. [29] discussed in the text.

The models that will be discussed here include a combination
of physical effects such as shadowing, nuclear breakup, and
the Cronin effect.

Shadowing, the modification of the parton distributions
within a nucleus, is calculated using parametrizations of
DIS data in the form of nuclear modified parton distribu-
tion functions (nPDF’s). There are a number of nPDF sets
available, including deFlorian-Sassot (nDSg) [30], Eskola-
Kolhinen-Salgado (EKS98) [31], and Eskola-Paukkunen-
Salgado (EPS09) [32], which provide the kinematic depen-
dence of the modification based on different parametrizations

034904-12
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Experimental Results Quarkonia

Midrapidity ψ′ in d+Au

in Ref. [6], is used to calculate the product of the accep-
tance and efficiency !A, which includes the level-1 trigger
efficiency. This model is also used to estimate the detector
effects on the simulated signal and background line shapes
when fitting the measured dielectron signal. Following the
procedures described in Ref. [6], !A is found to have an
average value of 0.91% with a relative systematic uncer-
tainty of 6.4%. The correction factor c accounts for the
trigger and centrality bias present in events which contain a
hard scattering [6]. The track multiplicity dependence of
the reconstruction efficiency is negligible in dþ Au colli-
sions, and a 1% systematic uncertainty was assigned based
on the J=c studies performed in Ref. [6].

The c 0 ! eþe" yield is extracted from fits to the
unlike-sign (eþe") invariant mass distribution, after the
subtraction of the like-sign (eþeþ þ e"e") background,
where at least one of the electrons fired the level-1 trigger.
The fit is performed over the mass range 2:0<
Mee½GeV=c2$< 5:5, and includes line shapes for J=c !
eþe" and c 0 ! eþe" decays, as well as the remaining
correlated background from open heavy flavor and Drell-
Yan decays.

The J=c and c 0 line shapes include the natural line
shape, smeared based on the PHENIX mass resolution, and
radiative decays (J=c ! eþe"" for E" > 100 MeV),
using calculations of the mass distribution from quantum
electrodynamics [10]. The line shape for Drell-Yan decays
was generated using PYTHIA-6 [11]. Line shapes for open

heavy flavor decays were generated using three different
Monte Carlo (MC) generators, including PYTHIA-6 in both
hard scattering and forced charm (or bottom) production
modes as well as the MC at next-to-leading-order
(MC@NLO) generator [12]. Input parton distribution func-
tions CTEQ6L and CTEQ6M [13] were used for PYTHIA-6 and
MC@NLO, respectively.
After applying the detector acceptance and efficiency

effects, the line shapes are fit to the invariant mass
distributions.
It was found that the heavy flavor line shapes generated

using PYTHIA-6 set to hard scattering mode gave the lowest
#2 per degree of freedom (68:5=68), while those generated
using PYTHIA-6 set to charm (bottom) production as well as
those generated using MC@NLO provided slightly poorer
agreements with a #2 per degree of freedom of 79:1=68 and
83:4=68, respectively. The different line shapes resulted in
changes in the extracted c 0 yield of less than 20% in
peripheral events. In central events a c 0 peak is barely
discernible. Fits using the different assumed shapes gave
c 0 yields which varied by up to 83%; however, all required
a nonzero c 0 yield within the fit uncertainty. In all cases,
the continuum line shapes were generated for pþ p colli-
sions, and may be modified in dþ Au collisions. The
effect of nuclear shadowing on the Drell-Yan and open
heavy flavor line shapes using the EPS09S parametrization
[14] was found to change the extracted c 0 yield by less
than 5%.
Figure 1 shows the results of the fit for central and

peripheral dþ Au collisions. The shaded bands represent
the combined uncertainty in the fit normalizations, as well
as changes in the shape of the correlated background
obtained using the three different sets of open heavy flavor
line shapes.
The resulting invariant yields are used, in conjunction

with the measured values in pþ p collisions [7], to cal-
culate the nuclear modification factor RdAu. The c

0 RdAu is
calculated as

Rc 0

dAu ¼
dNdAu

c 0 =dy

NcolldN
pp
c 0 =dy

; (2)

where Ncoll is the mean number of nucleon-nucleon colli-
sions, and dNdAu

c 0 =dy and dNpp
c 0 =dy are the measured in-

variant yields in dþ Au and pþ p collisions, respectively.
The value of Ncoll is calculated using a Glauber MC model
coupled with a simulation of the PHENIX BBC response
(see [6] for details). The (0–100)% centrality integrated

Rc 0

RdAu
is given in Table I.

The feed-down fraction of the inclusive J=c yield from
#c decays in dþ Au collisions (FdAu

#c!J=c ) is measured via

the #c ! J=c þ " ! eþe" þ " decay channel, where
the eþe"" is fully reconstructed in the PHENIX central
arms. The procedure for extracting FdAu

#c!J=c is the same as

that presented for pþ p collisions in [7] for a data sample

FIG. 1 (color online). The eþe" mass distribution, after like-
sign subtraction, for (0–20)% (top) and (60–88)% (bottom)
dþ Au collisions. The line shapes are those fit to the data to
extract the c 0 yield. The simulated line shapes are drawn as lines
connecting yields integrated over the width of the bin and plotted
at the center of each bin, as is done with the data.

PRL 111, 202301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

15 NOVEMBER 2013

202301-4

Phys. Rev. Lett. 111, 202301 (2013)

I ψ′ → e+e− at mid rapidity in
central (top) and peripheral
(bottom) d+Au collisions.

I Curves
I Quarkonia decays – QED

calculation smeared by
PHENIX mass resolution

I PYTHIA Drell-Yan
I PYTHIA and MC@NLO open

heavy flavor

I Grey curve – sum with relative
normalization of components a
free parameter.
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Experimental Results Quarkonia

Midrapidity ψ′ in d+Au

over the full rapidity coverage of the central arm. We
observe a strong suppression of c 0 production with
increasing Ncoll. The observed suppression in the
(0–20)% most central dþ Au collisions (large Ncoll) is a
factor of " 3 times larger than the observed suppression
for inclusive J=c production.

Reference [3] presents a model that explains the lower
energy E866=NuSea and NA50 results using an expanding
color neutral c !c pair. As the c !c expands, it has an increased
nuclear absorption owing to its larger physical size. Once
the time spent by the c !c pair traversing the nucleus
becomes larger than the J=c formation time, the c 0 will
see a larger nuclear absorption owing to its larger size
(r0 " 0:9 fm for the c 0 and r0 " 0:5 fm for the J=c
[4]). This explains the transition from a similar level of
suppression between the J=c and c 0 at high xF to a larger
suppression of the c 0 relative to the J=c at xF " 0
observed by E866=NuSea.

This idea is tested at RHIC energies by calculating the
average proper time ! spent in the nucleus by the quarkonia
(or c !c precursor). The ! is calculated as ! ¼ hLi=ð"z#Þ,
where hLi is the longitudinal path of the c !c through the
nucleus and "z is the velocity of the quarkonia along the
beam direction in the nuclear rest frame. Here, "z is
calculated using the hpTi of the J=c . The hLi values for
each PHENIX centrality bin are calculated using the same
Glauber MC model used to determine Ncoll and have a
systematic uncertainty owing to the Glauber input values
of less than 5%.

Figure 4 shows the relative modification of the c 0 to the
J=c as a function of !, where the E866=NuSea
and NA50 results have also been included. The solid
curve is the calculation by Arleo et al. [3], which is
consistent with the trends observed by E866=NuSea and
NA50.

The values of ! for the PHENIX data are similar to
the c !c formation and color neutralization time of

" 0:05 fm=c, and well below the J=c formation time of
" 0:15 fm=c [3]. Therefore the model cannot explain the
strong differential suppression of the c 0 in the PHENIX
data. We note that Ref. [18] shows that the extracted
breakup cross section for the inclusive J=c displays a
strong departure of the E866=NuSea result from ! scaling
below " 0:05 fm=c, indicating the presence of different
effects that modify charmonium production at short time
scales. The PHENIX data further indicate that there are
effects at short crossing time scales that can differentially
suppress the c 0 relative to the J=c .
In summary, we have presented measurements of c 0

production, as well as the J=c feed-down fraction from
$c decays, in dþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV.
Using the corresponding measurements in pþ p colli-
sions, we have obtained the nuclear modification factor
RdAu for c 0 and $c production. We find that the relative
modification of c 0 to inclusive J=c measured by PHENIX
follows the same approximate scaling with the charged
particle multiplicity measured at midrapidity as lower
energy data. We further find that c 0 production is heavily
suppressed in central dþ Au collisions relative to J=c
production. Because the nuclear crossing time is very
short, this cannot be explained by the difference in size
of the fully formed c 0 and J=c . It instead suggests that
there is a process occurring on the time scale of c !c for-
mation that differentially suppresses the c 0.
We thank the staff of the collider-accelerator and physics

departments at Brookhaven National Laboratory and the
staff of the other PHENIX participating institutions for
their vital contributions. We acknowledge support from
the Office of Nuclear Physics in the Office of Science of

FIG. 3 (color online). The c 0 and J=c [5] RdAu as a function
of Ncoll. Note that the J=cRdAu plotted here is not corrected for
c 0 and $c feed-down, and the Ncoll values are shifted slightly to
aid in clarity.

FIG. 4 (color online). The relative modification of the c 0 to the
J=c as a function of the proper time spent by the quarkonia (or
c !c precursor) in the nucleus. The data include NA50 [19] pþ A
at 400 GeV=nn, E866=NuSea [1] pþ A at 800 GeV=nn and
PHENIX dþ Au at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV which include a global
systematic uncertainty of &24%. The E866=NuSea points are
calculated for c 0 and J=c modifications in similar rapidity
intervals. The curve is a calculation by Arleo et al. [3] discussed
in the text.

PRL 111, 202301 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

15 NOVEMBER 2013

202301-6

Phys. Rev. Lett. 111, 202301 (2013)

I ψ′ substantially suppressed in
most central collisions.

I More suppressed than J/ψ in
most central.
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Prompt Quarkonia RdAu

Binding Energy (GeV)
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Phys. Rev. Lett. 111, 202301 (2013)

I Measure J/ψ → χc feed down
in p+p and d+Au

I χc RdAu from inclusive J/ψ
RdAu.

I From ψ′ and χc RdAu extract
prompt J/ψ RdAu.
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Experimental Results Heavy Flavor Pairs

Dielectrons
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Experimental Results Heavy Flavor Pairs

Heavy-Flavor Dielectrons in pT and and mass

I Subtract vector mesons and
Drell-Yan from data as a
function of mass and pT .

I Line shape of cc̄ → ee (blue)
and bb̄ → ee (red) from
MC@NLO

I Fit to the data where
normalization of each are free
parameters.
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Experimental Results Heavy Flavor Pairs

Heavy-Flavor Dielectrons in pT and and mass

I Bottom dominates at
I mee > 4 GeV/c2 for all pT
I pT > 2.5 GeV/c for all mee

I Extract cross sections for both
charm and bottom

σppcc = 704± 47(stat)

±40(model) µb

σppbb = 4.29± 0.39(stat)

±0.11(model)µb
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Experimental Results Heavy Flavor Pairs

Heavy-Flavor e − µ Correlations

Phys. Rev. C89, 034915 (2014)
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I e±: pT > 0.5 GeV, |η| < 0.35

I µ±: pT > 1.0 GeV, 1.4 < η < 2.1, in deuteron direction

I Like-sign subtraction removes almost all light-hadron backgrounds.
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Experimental Results Heavy Flavor Pairs

Heavy-Flavor e − µ Correlations
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Phys. Rev. C89, 034915 (2014)

I Comparison of p + p PYTHIA,
POWHEG, and MC@NLO

I Peak dominated by gluon fusion,
pedestal from flavor excitation
and gluon splitting.

I Extracted a cross section by
normalizing shape to p + p data
uncertainties.

σcc̄ = 538± 46(stat)± 197(data syst)± 174(model syst) µb
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Experimental Results Heavy Flavor Pairs

Heavy-Flavor e − µ Correlations
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I 〈Ncoll〉-scaled p + p compared to
d+Au.

I Lack of defined peak in d+Au
correlations.
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Heavy-Flavor e − µ Correlations
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I JdA pair modification factor.

JdA =
d + Au yield

〈Ncoll〉 × p + p yield

I x ∼ 10−2 at Q2 =10 GeV2, at
the edge of the shadowing
region.

N. Grau (Augustana) Heavy Quarks in d+Au 4/8/14 22 / 27



Experimental Results Future Measurements

RHIC 2015 p+A Run

  

p A
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Experimental Results Future Measurements

Heavy Flavor Production: (F)VTX

� Hadrons, photons and electrons in central 
arms 
– Drift  and Pad chambers for charged particle tracking. 
– Ring Imaging Cerenkov and electromagnetic 

calorimeter for electron ID 
– VTX for central tracking 

� Muons and Hadrons in the forward regions 
– Mu ID 
– Mu Trackers 
– RPC 
– FVTX 

New Mexico State University 

PHENIX Detectors 3 

μ- 

μ+ 

Station 3   2   1   0 

� FVTX for forward tracking 
 

¾   4 planes per end-cap 
¾   Coverage  

•      1.2	  <	  |η|	  <	  2.4	   
•      2π	  in φ	   
•      |z| < 15 cm 

¾   Resolution 
•      Hit < 25μm  
•      DCAR < 200 μm 

 
 

 
 

 

p-p  √s  =  510  GeV Run12 data 

Intermediate-
mass DY 

Low-
mass  
DY 

J/Ψ 

New Mexico State University 

Intermediate-mass Drell-Yan 

Simulation for p-p  √s  =  200  GeV( from the study for muon arm) 

6 

� The Drell-Yan process between 4 GeV < M < 8 GeV of invariant mass is called 
Intermediate-mass Drell-Yan process 

� The PHENIX FVTX can help to reduce the dominant background from beauty 
decays 

� Prompt muons from DY  
� Displaced tracks from heavy quark decays 

 
 

Intermediate-mass 

I (F)VTX installed

I Right: µ+µ− mass distribution in 510 GeV p + p

I Ahead: Forward µ, J/ψ production in p+A, direct displaced D decay
vertices at midrapidity

N. Grau (Augustana) Heavy Quarks in d+Au 4/8/14 24 / 27



Experimental Results Future Measurements

Constraining the Gluon nPDF: MPC-EX

The MPC-EX The MPC-EX Preshower Detector

Figure 2.2: 3D rendering of the Muon Piston Pit with fully installed MPC-EX detector
components.

30

I Silicon pre-shower in front of
MPC (3.0 < |η| < 3.8)
installation Summer 2014.

I Finely segmented silicon to
vector photons from the vertex.

I Take advantage of the “golden
channel” of QCD Compton
scattering in p+A.
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Experimental Results Future Measurements

Constraining the Gluon nPDF: MPC-EX
Simulations and Physics Observables Direct Photons

Figure 3.67: EPS09 exclusion plots in RdAu (left) and RG (right). The outer hatched lines are
the 90% confidence level envelope of all the EPS09 curves. The light blue areas represent the
90% confidence level limits of the simulated measurement, while the dark blue represent the
1� limits. The nominal value is taken as the central EPS09 curve.

Figure 3.68: EPS09 exclusion plots in RG where the nominal value is taken as the EPS09
curve corresponding to the least (left) or greatest (right) amount of suppression. The outer
hatched lines are the 90% confidence level envelope of all the EPS09 curves. The light blue
line represents the 90% confidence level limits of the simulated measurement, while the dark
blue represent the 1� limits. No light blue region is visible if the 90% CL and the 1� level
coincide to within the resolution given by the EPS09 theoretical curves available.

115

I Separate γ from π0 up to 80 GeV in energy.

I Color: expected measure 1σ inner, 90% confidence outer
I Hatched: EPS09 1σ inner and 90% confidence outer
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Summary Conclusion

Conclusions

I PHENIX has measured many heavy flavor and quarkonia observables
that span different pT , y , and x ranges.

I Enough to disentangle competing effects of gluon nPDF
modifications, energy loss, and hydro?

I Future plans to extend the quality and quantity of the measurements.
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